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Introduction
Soil heavy metal pollution is a serious problem worldwide (Wang et al., 2002a,b) and can be potentially harmful to human health via the food chain. In most cases, soil contamination results from anthropogenic activities such as mining, smelting, fertilizer application and sludge disposal (Lepp, 1981) . Lead, a common pollutant, is of concern because it is not a plant nutrient, but is potentially toxic to animals and humans. According to USEPA (1996) , remediation is usually required when soil total Pb exceeds 300-500 mg kg À1 or extractable Pb exceeds 5 mg l À1 . Zinc is also one of the most common heavy metal pollutants in soils. It is an essential plant nutrient, but can be phytotoxic when available in excessive concentrations.
There are two traditional approaches for remediation of heavy-metal-contaminated soils: leaching with acids to remove the metals, or addition of soil amendments to increase soil pH. Such amendments can lower the metal bioavailability or immobilize the metals. Both approaches for remediation of Pb-polluted soils can be expensive and disruptive to the site, since they may involve physical/chemical stabilization by mixing soils with cement or other solidifying agents, installation of soil or asphalt caps, or treatment with lime or phosphate fertilizers (Holden et al., 1989; Smit et al., 2000) to alter the amounts of soluble and exchangeable metal ions in the soil. However, after immobilization of heavy metals with alkaline agents, changes in environmental conditions, such as the development of acid rain, can lead to lower soil pH values with a concomitant new risk of metals leaching down the soil profile. Physical and chemical approaches also tend to use harsh chemicals such as strong acids or alkalis that themselves may have drastic and undesirable effects on soil properties (Cooper et al., 1999) . The methods used are largely determined by soil adsorption and desorption properties, and dissolution and precipitation of heavy metals by changing the soil environment, such as changing soil pH.
In order to circumvent these problems, phytoremediation, especially phytoextraction, has become popular. In this method, heavy metal ions are taken up by plants growing in contaminated soils, sediments or waters. However, the efficiency of phytoremediation is limited by soil and plant factors (Prasad and Hagemeyer, 1998) , including soil metal bioavailability, and by the capacity of the plants to accumulate the metals and translocate them from roots to shoots. Two distinct approaches have been devised. Firstly the use of hyperaccumulator plant species, which can accumulate very large metal concentrations in their shoots, but which often grow slowly and produce little shoot biomass. Secondly, the use has been made of highyielding crop plants that do not hyperaccumulate metals, but which can take up larger amounts of metals after the soil has been treated with chemicals to enhance metal bioavailability.
A large proportion of Pb in soil exists as relatively insoluble compounds that are unavailable to plants. Chelating agents such as ethylene diaminetetra-acetic acid (EDTA), diethylene triaminepenta-acetic acid (DTPA), and nitrilotri-acetic acid (NTA) can be used to increase metal solubility and plant uptake efficiency (Cooper et al., 1999; Ebbs and Kochian, 1998; Huang et al., 1997; Kayser et al., 2000) . Indeed chelateenhanced phytoextraction is now close to commercial application (Mohan and Hosetti, 2002; Watanabe, 1997) . The use of chelating agents has been studied for the removal of Cd, Cr, Ni, Zn, Cu, and U from soils (Chen and Cutright, 2001; Huang et al., 1997 Huang et al., ,1998 Kayser et al., 2000) . However, one consequence of the addition of a chelating agent to soil is a rapid increase in the solubility of metal ions, which results in a subsequent increase in the risk of leaching of metals to groundwater (Barona et al., 2001; Wu et al., 1999) . Furthermore, a sudden short-term release of bioavailable metals could result in transient phytotoxicity. Consequently, there is considerable interest in developing slow release of chelating agents for application to heavy-metal-contaminated soil. Barona et al. (2001) reported that enhancing metal bioavailability requires careful control because plants are unable to assimilate very high concentrations of mobilized metals over short time periods, and increases in metal mobility may result in groundwater contamination. They suggested using soil pH adjustments to control metal leachability, but Pb-EDTA is pH-insensitive (Ghestem and Bermond, 1998) .
Several chelating agents have been studied, among which EDTA has been found to be quite effective. Some synthetic chelating agents, such as EDTA, have been shown to enhance accumulation of soil heavy metals in hyperaccumulator species (Blaylock et al., 1997) . Huang et al. (1997) found that chelating agents enhanced Pb desorption from soil particles to the soil solution, facilitated Pb transport into the xylem, and increased Pb translocation from roots to shoots. EDTA has been found to be the most efficient chelating agent, and, to date, the best soil amendment treatment for Pb phytoextraction (Huang et al., 1997; Wu et al., 1999) . Indeed, EDTA has been used in a number of studies (Adamo et al., 1996; Blaylock et al., 1997; Cooper et al., 1999; Ghestem and Bermond, 1998) . On the other hand, when EDTA was used as the chelating agent, the uptake of Pb by Chinese cabbage was reduced. Moreover, EDTA can persist in the soil for several weeks, and EDTA-mobilized metals may leach down the soil profile over this time period (Wu et al., 2004) . Kos and Leštan (2003) attempted to overcome this problem by using a biodegradable chelating agent, [S,S]-EDDS, combined with a hydrogel to control water sorption characteristics.
Here we report a preliminary study on a new slow release chelating agent developed by coating solid EDTA with a layer of silicate to slow down metal mobilization in the soil in order to match plant uptake, and thus prevent excessive mobilization, which is likely to risk metal leaching into the groundwater. This approach is analogous to the use of a slow release fertilizer, such as coated urea, to minimize leaching losses of N as nitrate.
The objectives of the present study were to determine the short-term effects of a newly developed slow release-chelating agent (coated EDTA) on plant uptake of Pb and Zn from a contaminated soil. The study was conducted in a greenhouse, and on mobile fractions of Pb and Zn in the soil using column leaching techniques. We hypothesize that upon the addition of metal chelating agents to a contaminated soil, more metal ions will be mobilized than plants can absorb in a short period (Barona et al., 2001 ) without suffering phytotoxic effects such as depression of biomass production (Chen and Cutright, 2001 ).
Materials and methods

Soil characteristics
Surface soil (0-10 cm depth) for the pot experiment was collected from an agricultural field in the vicinity of a smelting plant at Fuyang, Anhui Province, China in the spring of 2002. Soil subsamples were air-dried and ground to pass through a 2-mm sieve for chemical analysis. The soil was a silt clay loam with 1.12% organic matter content, pH 8.3 (H 2 O) and total Pb, Zn, and Cd concentrations of 359, 940, and 63 mg kg À1 , respectively (Table 1) .
Coated chelating agent and column leaching study
The procedure for making the CCA is the subject of a Chinese patent application (Patent No. 02148882.7) (Li and Wang, 2002) . The silicate coating materials used were selected to avoid pollution of soil or groundwater with volatile organic carbon compounds (VOCs) (Matheson, 2002) . The coating layer was 0.1-0.2 mm thick and was applied to solid EDTA di-sodium salt granules ranging 3-5 mm in diameter. Throughout this study, EDTA disodium salt was used, and the term EDTA is used to refer to the sodium salt of the chelating agent.
The release rates of EDTA from CCA compared with uncoated solid EDTA were determined in soil in a column leaching study. Briefly, PVC columns 12 cm long and 2 cm in diameter were set up containing 40 g of soil. Either CCA, or solid EDTA was applied to the center of the column, and the production of organic carbon, Pb and Zn in the leachate was compared with a control (soil without a chelating agent). Water was supplied by means of a peristaltic pump at a flow rate of 1.9 ml h À1 every other day. Leachate was collected and analyzed for organic carbon, Pb and Zn. 
Greenhouse experiment
Corn (Zea mays L.) was selected for this experiment since it has been proven to accumulate Pb with chemical enhancement (Huang et al., 1997) . The seeds were first sterilized in 2% (v/v) sodium hypochlorite solution for 15 min and washed under running tap water for 30 min, followed by a doubledistilled water rinse. The surface-sterilized seeds were placed aseptically in a Petri dish to germinate in an incubator (25F1 8C) for about 3 days. When the radicles were about 1 cm long, the seedlings were transferred into hydroponic culture in Hoagland solution for 1 week, and then transplanted into 7.5-cm-diameter pots containing 300 g soil mixed with 0.12 g NH 4 NO 3 and 0.05 g KH 2 PO 4 . Four seedlings were transferred into each pot.
Just before the seedlings were transplanted, one of the three amendments was thoroughly mixed with the soil at a rate of 13 mmol kg À1 of soil: CCA (coated EDTA), uncoated solid EDTA, or EDTA solution, and an unamended control without chelating agent was included to give four treatments. Treatments were replicated 3 times in a fully randomized design. The plants were grown in a greenhouse for 7 days without supplementary illumination, and in a day/night temperature regime of 25/18 8C. Three extra replicated pots with CCA were set up, and the plants were allowed to grow for 17 days. The pots were regularly adjusted by weight to 40% of water holding capacity (WHC). Shoots and roots were harvested separately. Roots were washed free of soil with tap water, and then rinsed with double-distilled water. All the plant samples were dried at 70F5 8C for 48 h, weighed, and then ground with an agate mortar to pass through a 1-mm sieve.
Soil sequential extraction procedure
The three-step sequential extraction procedure devised by Ure et al. (1993) , and proposed by the Standards, Measurements, and Testing Programme of the European Commission was employed in this study. Also, a pseudo-total (HNO 3 +HF+HClO 4 ) acid digestion was added as the final step (residual fraction) to partition the total metals into four fractions (Barona et al., 2001) . The four fractions are described as F1 (exchangeable+carbonate fraction), F2 (easily reducible fraction, or fraction associated with oxides), F3 (oxidizable fraction, or fraction associated with organic matter), and F4 (residual fraction).
Briefly, the sequential scheme used was as follows. In the first step, 1 g of soil sample was placed in a 50-ml centrifuge tube, and reacted with 40 ml of 0.11 mol l -1 acetic acid for 16 h at ambient temperature (22F2 8C). The extractant was then separated from the solid residue by centrifugation, and the supernatant (Fraction 1: exchangeable+carbonate fraction) was decanted. The solid residue was rinsed twice with 20 ml of distilled water, shaken and centrifuged, and then the liquid supernatant was discarded.
In the second step, 40 ml of hydroxylamine hydrochloride 0.1 mol l À1 (acidified with HNO 3 to pH 2) was added into the solid residue remaining in the centrifuge tube from the first step, and shaken for 16 h at room temperature. The liquid supernatant was Fraction 2, the easily reducible fraction or fraction associated with oxides. Next, the residue was washed twice, centrifuged each time, and the supernatant was discarded.
In the third step, 10 ml 30% (v/v) H 2 O 2 were added at room temperature to the residue from the second step, and the centrifuge tube was covered with a watch glass and heated for 1 h at 85 8C. Thereafter, the volume was reduced by removing the watch glass and heated further. Then the residue was cooled, 10 ml of acidified 1 mol l À1 ammonium acetate (pH 2) was added, and the solution was shaken for 16 h at room temperature. Penultimately the leachate was centrifuged as described above, and decanted. The supernatant was Fraction 3 (oxidizable fraction or fraction associated with organic matter).
Finally a pseudo-total acid digestion (HNO 3 + HF+HClO 4 ) was included as the concluding step to the original procedure to determine the amount of metal associated with the residual fraction. The fractions were stored in a refrigerator prior to analysis.
Soil DOC extraction procedure
Three indicators were chosen to describe the potential environmental risk to groundwater, namely the amounts of soil dissolved organic carbon, the level of DOC in the soil extraction solution, and the concentrations of heavy metals in the sequential extraction fractions. According to Kedziorek et al. (1998) , the leaching process depends on the flow rate caused by rain, the EDTA concentration, and the hydrodispersive properties of the polluted soil. The EDTA concentration is indicated by the levels of soil organic carbon and DOC (assuming that levels of organic carbon released by plants in different treatments are equal, and are not affected by the application of EDTA).
Soil DOC was determined by adding 25 ml distilled water to 2 g of air-dried soil (b2 mm), shaking for 2 h with an end-to-end shaker at room temperature (21F2 8C), filtering through a 0.45-Am membrane, and measuring the DOC content within 6 h of filtration of the solution.
Sample analysis
The pH of the aqueous soil solution (1:2.5) was measured with a pH meter. Organic carbon was determined by the Walkley-Black procedure (Nelson and Sommers, 1982) . Soil texture was determined by the pipette method (Elonen, 1971) , and soil cation exchange capacity (CEC) was determined by the method described by Rhoades (1982) . Soil DOC was analyzed with a total organic carbon analyzer (Apollo Model 9000). Lead and Zn were analyzed by flame atomic absorption spectrophotometry with an air-acetylene mixture using a Hitachi Model 6100 AAS. All glassware was soaked in 2% HNO 3 for N24 h and rinsed with double-distilled water prior to use.
Statistical analysis
Data were tested by one-way analysis of variance to determine the significance of the EDTA treatments using GenStat for PC/Windows 2000 (GenStat Committee, 2002) . Mean values were compared using the least significant difference (LSD) at the 5% level.
Results
Plant biomass
Shoot biomass after 7 days of plant growth was depressed by all three EDTA treatments compared with the zero-EDTA control (Table 2 ). Solid EDTA gave the second-highest shoot biomass, EDTA solution gave the lowest, and CCA gave an intermediate level as follows: controlNsolid EDTAcCCANEDTA solution. Root biomass levels were much lower than shoot biomass levels, showed similar trends, but with no significant differences among treatments.
Shoot Pb and Zn concentrations and accumulation
The Pb concentrations in the shoots were more than 10 times higher in all EDTA treatments than in the control with no significant difference among EDTA forms (Table 3 ). Root Pb concentrations showed similar trends, but with higher values, and with the CCA treatment not significantly different from the control, and with the EDTA solution treatment showing the highest shoot Pb concentrations by far.
Shoot Zn concentrations were also significantly higher under the EDTA solution treatment than under the other EDTA treatments, which, in turn, were not significantly different from the control. Root Zn concentrations followed a similar trend, but with higher values than shoot Zn concentrations.
Shoot Pb contents were much higher than root contents, reflecting the much higher shoot biomass values despite the lower shoot concentration levels. The highest Pb contents occurred using the solid EDTA treatment, and lowest (apart from the control) under EDTA solution, with CCA showing an intermediate value. Shoot Zn contents were also much higher than root contents. However, all EDTA treatments gave lower shoot Zn content values than the control. 
Release of EDTA from coated and uncoated solid forms
The results of the leaching column study are shown in Fig. 1 . Release of the chelating agent from CCA was much lower than from uncoated solid EDTA for 3 days and was still significantly lower after 18 days. For instance, at the first hour of leaching, 21% of the total organic carbon was leached out with solid EDTA in contrast to 3.7% with CCA and only 0.2% in the control, and after 3 days 93% of total organic carbon was leached out with solid EDTA, 32.5% with CCA and only 13.5% in the control (Fig. 1) .
Change in soil organic carbon and dissolved organic carbon (DOC)
Soil organic carbon and DOC after 7 days of plant growth were much lower ( Pb0.01) with CCA than with solid EDTA or EDTA solution treatments (Fig. 2) .
Change in soil organic carbon with time
Soil organic carbon remained almost constant over 17 days of plant growth, but was lower in the CCA Fig. 1 . Slow release action of coated chelating agent (CCA) in soil compared with uncoated EDTA (solid EDTA) and the control (without EDTA) in the leaching column study. Vertical bars represent standard errors of means (n=3). 2 Significance of treatment F-ratio by analysis of variance; ***, Pb0.001; **, Pb0.01; *, Pb0.05; NS, not significant. treatment, and in the control compared with solid EDTA and EDTA solution treatments (Fig. 3) .
Sequential extraction of Pb and Zn
The F1 fraction (exchangeable+carbonate fraction) of Pb with the CCA treatment (173 mg kg À1 ) was much lower than in the other treatments (Fig. 4) , equivalent to about 76% and 72% of the values with solid EDTA and EDTA solution treatments. These levels followed the sequence: EDTA solutionNsolid EDTANCCANcontrol. The F2 fraction (associated with oxides) was much lower using the EDTA solution and the solid EDTA treatments compared with CCA and the control. The F3 fraction (associated with organic carbon) was much higher using the CCA treatment than with the EDTA solution or the solid EDTA treatments.
The distribution pattern of Zn in the fractions obtained with the sequential extraction procedure was very different from that of Pb (Fig. 5) . Fractions F1 and F2 (exchangeable+carbonate fraction and fraction associated with oxides) of Zn using the CCA treatment were not significantly different from those with the solid EDTA or the EDTA solution treatments, but fraction F3 levels using of the solid EDTA and the CCA treatments were higher than with the EDTA solution treatment and with the control.
Discussion
Chelate-enhanced phytoextraction is usually performed using mature plants, and by applying the chelating agent in solution to the soil about 1 week before harvesting (Wu et al., 2004) . In the present preliminary study, relatively young (1 week old) corn seedlings were grown for 1 week in relatively small volumes of soil after the EDTA had been applied to the soil in order to compare the effects of CCA with those of other forms of EDTA over a short time period. Despite the short-term nature of the pot experiment, the enhanced accumulations of Pb, but not of Zn, in the corn shoots observed following application of the synthetic chelating agent to the soil agrees well with conventional studies on EDTAenhanced phytoextraction (Wu et al., 2004) . Application of EDTA in all given forms obviously improved soil DOC and the availability of metals, Pb and Zn (Figs. 2 and 3 ). The EDTA solution had the greatest depressive effect on plant biomass, while both solid forms of the chelating agent (CCA and solid EDTA) had less depressive effects. According to other researchers, applying EDTA to Pb-contaminated soil significantly increased Pb transport from roots to the xylem of corn plants (Huang et al., 1997) . The process of EDTA-Pb over accumulation may necessarily kill the plant due to the distribution in protoplasm of the roots and phytotoxicity in the shoots. Application of the CCA to the soil led to enhanced shoot Pb content compared with the control, but the column leaching study showed that EDTA was released more slowly from the CCA in the soil than from uncoated solid EDTA. The slow release material may therefore have had some value in matching EDTA release and metal mobilization with plant metal uptake, an effect that could, perhaps, diminish the risk of metal leaching to groundwater under field conditions. Nevertheless, a kinetic study with different materials and influential factors is needed in order to optimize the release rate of the chelating agent for achieving appropriate metal bioavailability and maximum plant uptake.
Although sequential extraction procedures are operationally defined, and represent pools of heavy metals rather than well-defined geochemical fractions (Barona et al., 2001) , it is widely accepted that metal mobilization and bioavailability can be more easily assessed from sequential extraction data than from total metal concentrations (Adamo et al., 1996; Mester et al., 1998) . The greater the accumulation of metal in the non-residual fractions, the greater the potential for metal leaching from the soil to occur. However, the exchangeable plus carbonate fraction (F1 fraction) plays an important role in plant uptake and in posing a potential environmental problem since this fraction is active and readily available to plants. The smaller exchangeable and carbonates-bound fraction of Pb associated with CCA treatment in the sequential extraction procedure compared with solid and liquid EDTA forms also suggests that the slow release product may reduce the risk of leaching to groundwater. The pattern of Pb distribution among the soil fractions using CCA may promote plant uptake of Pb while decreasing the amount potentially available for leaching in the soil. In contrast, Zn may be held so strongly to solid particles in the highly calcareous soil that chelating agents cannot mobilize Zn to the same extent as Pb unless the soil is acidified, for example using elemental sulfur (Cui et al., 2004) . The difference in the fractionation of Pb and Zn caused by application of CCA may also be attributed to the characteristics of metal-ligand complex, since EDTAPb can have a higher stability constant than EDTA-Zn in the soil, with a K f =19.0 of EDTA-Pb vs. 17.5 for EDTA-Zn (Martell and Smith, 1982) .
In conclusion, this preliminary study has indicated that the coated chelating agent may be useful for the phytoremediation of Pb-contaminated soils while minimizing the risk of metal leaching to groundwater. Further work using older plants in pot experiments and under field conditions will be required to characterize the coated chelating agent satisfactorily.
